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Objectives. The purpose of this study was to assess flow 
dynamics and flow capacities of internal mammary artery and 
saphenous vein grafts to the left anterior descending coronary 
artery. 
Background. The postoperative flow capacity of internal mam- 
mary artery grafts to the left anterior descending coronary artery 
has been reported to be restricted compared with that of saphe- 
nous vein grafts in studies using radionuclide angiography. A 
recently developed Doppler guide wire has been used to analyze 
the flow dynamics of bypass grafts and to clarify the mechanism of
this limited flow capacity. 
Methods. Phasic flow velocity recordings were obtained in the 
midportion of the bypass graft and within the native left anterior 
descending artery, using a 0.018-in. (0.046-cm) 12-MHz Doppler 
guide wire, in 53 patients: 27 patients with an internal mammary 
artery graft (16 with a new graft assessed I month postoperatively 
and 11 with an old graft assessed at 1 year) and 26 patients with 
a saphenous vein graft (13 with a new graft assessed 1 month 
postoperatively and 13 with an old graft assessed at 1 year). All 
patients were studied at baseline rest and during hyperemia 
induced by intravenous infusion of dipyridamole, 0.56 mg/kg body 
weight, over 4 min. 
Results. In the left anterior descending artery itself, systolic 
and diastolic peak velocities, the time average of the instanta- 
neous spectral peak velocity (time-averaged peak velocity), vessel 
diameter and the calculated flow volume did not differ signifi- 
cantly among the four graft groups. The time-averaged peak 
velocity was significantly greater for new than for old arterial 
grafts or for new or old vein grafts (mean +- SD 27 -+ 9 vs. 19 -+ 
6, 11 -+ 5 and 12 _+ 6 cm/s, respectively, p < 0.01). However, 
because the diameter of new arterial grafts was significantly 
smaller than that of the other three grafts (2.4 + 0.1 vs. 2.9 -+ 0.2 
[p < 0.05], 3.6 -+ 0.6 [p < 0.01] and 3.4 -+ 0.5 mm [p < 0.01], 
respectively), there was no difference in calculated flow volumes at 
rest (62 -+ 17 vs. 58 -+ 15, 61 _+ 18 and 58 _+ 19 ml/min, 
respectively, p = NS) between ew arterial grafts and the other 
grafts. Although the maximal time-averaged peak velocity during 
hyperemia was significantly greater in new than in old arterial 
grafts or new or old vein grafts (47 +- 17 vs. 40 -+ 7, 31 -+ 8 and 
34 +- 12 cm/s, respectively, p < 0.01), the flow reserve of new arterial 
grafts was significantly smaller than that of the other three groups 
(1.8 +- 0.3 vs. 2.6 _+ 0.3, 2.8 - 0.5 and 3.0 -+ 0.6, respectively, p < 
0.01) because the baseline time-averaged peak velocity of these 
new grafts was far greater than that of the other groups. 
Conclusions. Internal mammary artery graft flow early after 
operation is characterized by a higher rest velocity than that of 
vein graft flow. This high velocity maintains flow volume at 
baseline condition in compensation for the smaller diameter. 
Although flow reserve does not differ significantly between ew 
and old vein grafts, that for internal mammary artery grafts is 
significantly reduced soon after bypass surgery. This restricted 
flow capacity improves late postoperatively because of an increase 
in diameter and a decrease in flow velocity from baseline levels. 
(J Am CoU Cardiol 1995;25:640-7) 
That long-term patency of internal mammary artery grafts is 
superior to that of saphenous vein grafts has been well 
established in coronary artery bypass graft surgery (1-3). 
However, comparative hemodynamic assessment of the two 
types of graft has been rare (4-6). Radionuclide angiographic 
studies (5) have shown restricted flow capacity of internal 
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mammary artery grafts to the left anterior descending artery 
compared with that of saphenous vein grafts to the same vessel. 
Significantly higher peak flow velocity in the distal internal 
mammary artery graft than in the distal saphenous vein graft 
has also been reported in studies using pulsed Doppler echo- 
cardiography (6). Thus, flow dynamics apparently differ in 
these two types of bypass graft, but no report has examined 
these differences in detail. 
Although other noninvasive Doppler echocardiographic 
assessments of coronary bypass flow were recently reported 
(7,8), they were limited to examination of the flow at either the 
proximal (7) or the distal site (8) of the internal mammary 
artery graft. A recently developed Doppler guide wire that can 
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be advanced across stenotic oronary artery lesions has been 
used to measure flow velocities distal to the stenosis (9,10). 
With this method, selective cannulation of the bypass graft 
during cardiac catheterization allows phasic flow velocities to 
be recorded within both the graft and the distal native coronary 
artery beyond the graft insertion. 
The purpose of this study was to assess the phasic flow 
characteristics of coronary artery bypass grafts and distal native 
left anterior descending coronary arteries and to compare the 
flow capacities of internal mammary artery and saphenous vein 
grafts. 
Methods  
Study patients. From April 1992 to October 1993, 139 
patients who had previously undergone lective coronary ar- 
tery bypass grafting to the left anterior descending artery were 
referred to our department for evaluation of graft patency. Of 
these, 95 patients, including 60 with an internal mammary 
artery graft and 35 with a saphenous vein graft, underwent 
coronary angiography 1 month postoperatively to verify the 
operative results; the remaining 44 patients (including 21 with 
internal mammary artery grafts and 23 with saphenous vein 
grafts) underwent coronary angiography 1 year postoperatively 
for annual evaluation after bypass urgery. Although internal 
mammary artery grafts were selected for the graft to the left 
anterior descending artery in principle, saphenous vein grafts 
were used in patients when there were limitations of time or 
technique for preparation of arterial grafts. Thus, the final 
choice of graft to the left anterior descending artery was made 
by our surgeon. Of these 139 patients, 21 were excluded from 
the study because they refused subsequent Doppler examina- 
tion after coronary angiography. The other 118 underwent flow 
velocity measurements by Doppler guide wire; however, 13 of 
these were excluded from the study because of difficulty in 
passing the guide wire through the bypass graft to the native 
left anterior descending artery. An additional 52 patients were 
also excluded: 23 because of a history of prior anterior 
myocardial infarction, 17 because of stenosis in the graft or the 
distal eft anterior descending artery and 12 because of <75% 
regression of stenosis in the proximal native left anterior 
descending artery. The final study group consisted of 53 
patients who underwent elective bypass surgery to the left 
anterior descending artery because of angina pectoris and a 
significant coronary stenosis >90% in the proximal portion of 
this artery. 
Graft patency was confirmed at the time of routine follow-up 
angiography. Patients who had collateral vessels from the left 
anterior descending artery to the other coronary arteries or from 
the other vessels to the left anterior descending artery were 
excluded from this study. The proximal lesion of the left anterior 
descending artery was >99% (subtotal or total occlusion) at the 
time of follow-up angiography. All but one patient had one to 
three additional saphenous vein grafts to other coronary arteries, 
and the mean umber of coronary artery bypass grafts was 2.6 - 
0.7/patient. Patient age ranged from 35 to 74 years (mean 60 _+ 
10). The left internal mammary artery was used for left anterior 
descending artery grafting in 27 patients, the saphenous vein for 
the remaining 26 patients. Patients were classified into four 
groups according to the type of graft o the left anterior descend- 
ing coronary artery and the timing of follow-up angiography: 16
with an internal mammary artery graft assessed 1 month after 
operation (new arterial graft), 11 with an internal mammary 
artery graft assessed 12 months after operation (old arterial graft), 
13 with a saphenous vein graft assessed 1 month after operation 
(new vein graft) and the remaining 13 with a saphenous vein graft 
assessed 12 months after operation (old vein graft). Although old 
inferior myocardial infarction was confirmed in seven patients 
(three with arterial grafts), none had a previous history or 
electrocardiographic (ECG) findings of anteroseptal myocardial 
infarction. After written informed consent was obtained, cardiac 
catheterization, coronary angiography and the subsequent Dopp- 
ler study were performed as part of routine follow-up after bypass 
surgery. 
Cardiac catheterization and angiography. Administration 
of all medications, including beta-adrenergic blocking agents, 
calcium channel blocking agents and nitrates, was terminated 
->24 h before cardiac atheterization. After sedation with 5 mg 
of diazepam administered orally, patients were taken to the 
catheterization laboratory. Any drugs likely to affect coronary 
hemodynamics (including nitroglycerin) were not used during 
the catheterization procedure preceding selective coronary 
angiography. 
Right and left heart catheterization was performed by the 
femoral approach after local anesthesia was induced with 0.5% 
lidocaine. The left ventricle was approached in a retrograde 
manner. Left and right heart pressure data were recorded with 
the use of a fluid-filled catheter-transducer system; cardiac 
output was measured by the thermodilution method. Biplane 
left ventriculography was performed to assess left ventricular 
wall motion and to measure left ventricular volume by the 
area-length method. Selective coronary angiography was car- 
ried out by the Judkins technique after intravenous injection of 
3 mg of isosorbide dinitrate. To assess the degree of left 
anterior descending coronary artery stenosis, and to measure 
the diameters of the graft and the native left anterior descend- 
ing artery at the position corresponding to the tip of the 
Doppler guide wire where flow velocity was recorded, coronary 
angiography was analyzed quantitatively with the use of video- 
densitometric analysis performed with a commercially avail- 
able system (CAMAC-300, Goodman, Inc.) in the manner 
previously reported (11). 
Coronary flow velocity recordings. Phasic coronary flow 
velocity was recorded in the midportion of the bypass graft to 
the left anterior descending coronary artery and in the distal 
portion of that artery with the use of a 0.018-in. (0.046-cm), 
12-MHz Doppler guide wire (FloWire, Cardiometrics, Inc.) 
and a velocimeter (FloMap, Cardiometrics, Inc.) (9,10). Pulse 
repetition frequency of the Doppler flow meter was variable 
from 12 to 96 kHz within the velocity range selected. 
The Doppler guide wire was advanced into the recipient left 
anterior descending artery by way of the bypass graft through 
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Table 1. Clinical Characteristics and Cardiac Catheter izat ion Data 
Internal Mammary' Artery Graft Saphenous Vein Graft 
New Old New Old 
(n=16)  (n 11) (n -  13) (n -13)  
Age (yr) 56 _+ 9 (35-64)* 54 ± 12' (3%73) 65 _+ 6 (56-73) 65 _+ 9 (43-74) 
Bypass grafts (no.) 2.9 + 0.8 (2-4) 2.4 +_ 0.5 (2 4) 2.8 + 0.7 (1-4) 2.3 _+ 0.6 (2-3) 
Old MI (inferior) (no.) 2 1 2 2 
Catheterization data 
Heart rate (beats/min) 79 + 14 (62-95) 78 _+ 12 (63-92) 76 + 11 (60-95) 76 ± 12 (61-95) 
Cardiac index (liters/min per m 2) 2.5 _+ 0.4 (2.0-3.2) 2.6 + 0.5 (2.1-3.6) 2.5 + 0.4 (1.8-3.1) 2.4 _+ 0.3 (2.0-3.1) 
Mean aortic pressure (ram Hg) 96 + 13 (80-113) 92 _+ 7 (81-105) 91 + 12 (77-115) 98 _+ 17 (85-118) 
LVEDP (mm Hg) 10 ± 3 (4-17) 10 _+ 2 (8-14) 9 + 4 (5-12) 10 _+ 5 (6-17) 
Mean PCWP (ram Hg) 8 = 3 (5 14) 8 + 3 (5-14) 7 ± 3 (4-11) 7 + 2 (5-11) 
Angiographic data 
LVEDVI (ml/m 2) 70 + 17 (48-91) 76 + 15 (54-94) 73 % 13 (55-96) 74 + 13 (51-92) 
LVESVI (ml/m 2) 34 _+ 10 (19-47) 36 _+ 7 (27-46) 36 _+ 10 (25-50) 36 _+ 11 (19-46) 
LVEF (%) 55 +_ 8 (41-60) 55 + 5 (43-61) 53 z 9 (42-65) 54 _+ 10 (42-64) 
% diameter stenosis recipient LAD (%) 98 _+ 2 (94-100) 98 ± 2 (95-100) 97 ~ 3 (93-100) 99 + 2 (96-100) 
Diameter of graft (ram) 2.4 _+ 1"5 (2.1-2.5) 2.9 _+ 0.2 (2.4-3.1) 3.6 ± 0.6 (3.0-4.6) 3.4 +_ 0.5 (2.6-4.2) 
Diameter of distal LAD (mm) 1.8 _+ 0.2 (1.4-2.3) 1.9 z 0.2 (1.8-2.2) 1.7 + 0.3 (l.5-2.2) 1.8 +_ 0.3 (1.4-2.3) 
*p < 0.01 versus new and old saphenous vein graft, tp < 0.05 versus old internal mammary artery graft. Unless otherwise indicated, values presented are mean 
value + SD (range). LAD = left anterior descending coronary artery; LVEDP = left ventricular end-diastolic pressure; LVEDVI = left ventricular end-diastolic 
volume index; LVEF = left ventricular ejection fraction; LVESVI - left ventricular end-systolic volume index; MI : myocardial infarction; PCWP = pulmonary 
capillary wedge pressure. 
a 5F coronary angiography catheter (Selecon, Clinical Supply, 
Inc.) by a technique similar to that of guide wire manipulation 
during percutaneous transluminal coronary angioplasty. The 
tip of the Doppler guide wire was advanced to the midportion 
of the bypass graft and then into the native left anterior 
descending artery slightly distal to the graft anastomosis. An 
optimal Doppler signal was obtained in each portion by 
moving the guide wire slightly within the vessel umen and 
adjusting the range gate control. The final position of the 
Doppler guide wire was confirmed by injection of contrast 
medium. During the Doppler study, a 12-lead surface ECG 
and pressure waveform at the tip of the guiding catheter were 
monitored continuously. 
Frequency analysis of the Doppler signals was carried out in 
real time by fast Fourier transform with the use of a velocime- 
ter (FloMap, Cardiometrics, Inc.) (10). Five minutes after 
contrast injection, Doppler signals were recorded on videotape 
and by a videoprinter along with an ECG and an aortic 
pressure tracing. After Doppler signals were recorded in the 
midportion of the bypass graft and the distal left anterior 
descending artery under baseline conditions, they were re- 
corded during hyperemic conditions in the midportion of the 
bypass graft after the intravenous administration f dipyrida- 
mole, 0.56 mg/kg body weight, over 4 rain. To obtain the 
maximal peak velocity during hyperemia, Doppler signals were 
recorded for 10 rain after the infusion of dipyridamole. Systolic 
and diastolic peak velocities and the time average of the 
instantaneous spectral peak velocity (time-averaged peak ve- 
locity)(12) were made from the phasic coronary blood flow 
velocity recordings. Flow volumes of the bypass graft and the 
native artery were calculated as the product of 0.5 × time- 
averaged peak velocity and the cross-sectional rea of the 
vessel at the point of flow velocity measurement, as previously 
reported (12). Flow reserve was obtained from the ratio of 
maximal to baseline time-averaged peak velocity. Measure- 
ments were averaged over 5 beats. 
Statistical analysis. All data are expressed as mean 
value _+ SD. Statistical analysis comparing arterial graft and 
vein graft groups was performed with unpaired two-tailed t
testing. One-way analysis of variance (ANOVA) was used to 
compare the four groups (new and old arterial grafts and new 
and old vein grafts) for characteristics, catheterization data 
and flow velocity data. A Fisher protected least significant 
difference test was performed if the ANOVA showed signifi- 
cant differences. A probability value <0.05 was considered 
significant. 
Resu l ts  
Clinical characteristics and angiographic data (Table 1). 
Although the patients with new or old arterial grafts were 
significantly younger than the patients with new or old vein grafts 
(56 2 9, 54 2 12 years vs. 65 £ 6, 65 2 9 years, p < 0.01), there 
were no other significant differences among the four groups in the 
total number of grafts or incidence of previous inferior myocar- 
dial infarction. The groups also did not differ significantly in
catheterization a d angiographic data, including cardiac index, 
end-diastolic and end-systolic left ventricular volume indexes, 
ejection fraction, left ventricular end-diastolic pressure, mean 
pulmonary capillary wedge pressure and mean aortic pressure. 
Biplane left ventriculography showed no asynergy in the an- 
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Table 2. Phasic Flow Velocity Characteristics of the Recipient Left Anterior Descending Coronary Artery Distal to the Anastomosis 
and the Graft 
Internal Mammary Artery Graft Saphenous Vein Graft 
New Old New Old 
Recipient LAD (at rest) 
SPV (cm/s) 21 ± 6 (I5-35) 20 _+ 10 (13-33) 19 _+ 7 (12-33) 18 + 7 (12-30) 
DPV (cm/s) 41 : 10 (28-62) 44 + 16 (22-52) 42 _+ 13 (22-64) 40 + 9 (29-53) 
APV (cm/s) 27 : 9 (13-45) 26 _+ 9 (13-44) 24 ± 9 (8-41) 22 _+ 5 (15-33) 
Flow volume (ml/min) 35 - 19 (23-61) 39 + 15 (27-60) 32 _+ 14 (15-54) 33 _+ l l  (15-45) 
Bypass graft at rest (control) 
SPV (cm/s) 31 ± 9*t (18-44) 27 _+ 12' (13-45) 9 -+ 3 (5-15) 9 _+ 5 (6-22) 
DPV (cm/s) 44 : 13"~ (27-59) 31 + 11' (17-43) 18 + 8 (9-32) 19 +- 10 (9-39) 
APV (cm/s) 27 - 9*t (17-45) 19 + 6 (9-26) 11 _+ 5 (7-20) 12 ± 6 (6-29) 
Flow volume (ml/min) 62 = 17 (46-97) 58 _+ 15 (41-83) 61 ± 18 (42-97) 58 _+ 19 (36-87) 
During dipyridamole infusion 
MAPV (cm/s) 47 ± 17' (28-73) 40 _+ 7 (28-46) 31 ± 8 (19-38) 34 _+ 12 (19-48) 
Flow reserve 1.8 ± 0.3*t (1.4-2.3) 2.6 _+ 0.3 (2.3-3.0) 2.8 ± 0.5 (2.2-3.6) 3.0 _+ 0.6 (2.4-4.9) 
*p < 0.01 versus new and old saphenous vein graft, tp < 0.01 versus old internal mammary artery graft. Values presented are mean value _+ SD (range). APV : 
time-averaged peak velocity; DPV - diastolic peak velocity; LAD = left anterior descending coronary artery; MAPV = maximal average peak velocity; SPV = systolic 
peak velocity'. 
teroapical portion of the left ventricle, that is, the territory of the 
left anterior descending coronary artery, in any patient. 
Neither the percent diameter stenosis of the proximal lesion 
of the left anterior descending artery nor the diameter of the 
distal eft anterior descending artery where phasic flow velocity 
was measured iffered significantly among the four patient 
groups. However, the diameter of the midportion of the new 
internal mammary artery graft was significantly smaller than 
that of the old arterial graft (2.4 _+ 0.1 mm vs. 2.9 _+ 0.2 ram, 
p < 0.05) and new and old saphenous vein grafts (2.4 _+ 0.1 vs. 
3.6 ± 0.6, 3.4 _+ 0.5 mm, respectively, p < 0.01). Furthermore, 
the left anterior descending coronary artery ended at the apex 
in about half of the subjects in each group (nine patients with 
a new and six with an old arterial graft, seven with a new and 
six with an old vein graft), and it went around the apex in the 
remaining patients in each group (seven with a new and seven 
with an old arterial graft, six with a new and seven with an old 
vein graft). 
Phasic flow velocity data (Table 2). At baseline, peak 
velocities in systole and diastole, time-averaged peak velocity 
and calculated flow volume of the left anterior descending 
artery distal to the graft anastomosis were not significantly 
different among the four bypass groups (Fig. 1, Table 2). 
However, in the midportion of the bypass grafts at baseline, 
systolic and diastolic peak velocities (29 _+ 10 vs. 9 _+ 4 cm/s, 
p < 0.01, 39 + 14 vs. 19 + 9 cm/s, p < 0.01, respectively) and 
time-averaged peak velocity (24 + 9 vs. 12 + 5 cm, p < 0.01, 
respectively) were significantly greater in the internal mam- 
mary artery grafts than in the saphenous vein grafts (data not 
shown). Furthermore, diastolic peak velocity (44 _+ 13 vs. 31 _+ 
11, 18 ± 8, 19 _+ 10 cm/s, p < 0.01) and time-averaged peak 
velocity (27 ± 9vs. 19 ± 6, 11 ± 5, 12 _+ 6 cm/s, p < 0.01) in 
the new arterial grafts were significantly greater than those in 
the other three groups (old arterial, new and old vein graft, 
respectively). However, calculated flow volume (62 _+ 17, 58 -+ 
15, 61 _+ 18 and 58 _+ 19 ml/min, p = NS) was not significantly 
different among the four patient groups. 
Although the maximal time-averaged peak velocity in the 
graft during dipyridamole infusion in the two arterial graft 
groups was significantly greater than that in the two vein 
graft groups (45 _+ 14 vs. 32 + 10 cm/s, p < 0.05), flow 
reserve of the internal mammary artery grafts was signifi- 
cantly smaller than that of the saphenous vein grafts (2.1 + 
0.4 vs. 2.9 _+ 0.7, p < 0.01) (data not shown). Furthermore, 
the maximal time-averaged peak velocity in the graft during 
dipyridamole infusion was significantly greater in the new 
arterial graft group than in the old arterial and the new and 
old vein graft groups (47 _+ 17 vs. 40 _+ 7, 31 _+ 8, 34 ± 12 
cm/s, respectively, p < 0.01), and flow reserve of the new 
internal mammary artery graft was significantly smaller than 
that of the other three groups (old arterial, new vein and old 
vein graft) (1.8 _+ 0.3 vs. 2.6 _+ 0.3, 2.8 _+ 0.5, 3.0 _+ 0.6, 
respectively, p < 0.01) (Fig. 2, Table 2). Neither the 
maximal time-averaged peak velocity nor the flow reserve of 
the grafts differed significantly between patients with an old 
internal mammary artery graft and those with a new or old 
saphenous vein graft (Fig. 2, Table 2). 
Discuss ion  
Clinical characteristics and cardiac catheterization data. 
The clinical backgrounds and cardiac catheterization data of 
the patients in the two internal mammary artery graft groups 
and the two saphenous vein graft groups did not differ signif- 
icantly except for age. Heart rate and preload--but not aortic 
pressure (13)--have been reported to have a possible influence 
on coronary flow velocity measurements and flow reserve. In this 
study, there were no significant differences in heart rate, left 
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Figure 1. Examples of the baseline flow velocity recordings of the 
bypass graft and the recipient left anterior descending coronary artery 
(LAD) in four patients: one with a new and one with an old internal 
mammary artery graft (IMAG, upper and lower left) and one with a 
new and one with an old saphenous vein graft (SVG) (upper and lower 
right). At baseline, the peak flow velocity in the recipient left anterior 
descending artery was similar in the four patients, although graft flow 
velocity was greater in the new than in the old arterial graft or either 
vein graft. 
ventricular end-diastolic pressure or mean pulmonary capillary 
wedge pressure (indexes of left ventricular preload) and mean 
aortic pressure among the four groups. Therefore, it is unlikely 
that the difference in patient age would be of importance. 
The percent diameter stenosis of the proximal left anterior 
descending coronary artery was 99% or 100% in each of the 
four groups (93% to 100% by quantitative angiography). 
Therefore, the graft should have constituted the main blood 
supply to the distal artery in all patients. Angiographic vari- 
ables for the native left anterior descending artery did not 
differ significantly among the four groups. However, the aver- 
age diameter of the internal mammary artery grafts was signifi- 
cantly smaller than that of the saphenous vein grafts, and that of 
the new arterial grafts was also significantly smaller than that of 
the older arterial grafts. These were the only differences incardiac 
catheterization and angiographic measurements between the 
arterial and vein graft groups and within each type of the graft. 
Because internal mammary artery grafts have been reported to 
have growth potential (14), the diameter of these grafts hould be 
greater in older than in newer grafts. In this study, 16 patients with 
a new internal mammary artery graft were assessed 1 month 
postoperatively, and 13 different patients with an old arterial graft 
were assessed 1 year postoperatively. Serial follow-up study of the 
same patients originally studied 1 month after receiving an 
internal mammary artery graft would resolve this question of 
growth potential. 
Phasic coronary flow characteristics at rest (Table 2). At 
baseline, there were no significant differences in distal left 
anterior descending artery flow data between patients with an 
internal mammary artery versus a saphenous vein graft or 
between patients with a new versus an old arterial or vein graft. 
Other baseline measurements, including systolic left ventricu- 
lar function, left ventricular preload and afterload, heart rate 
and coronary perfusion pressure, were not significantly differ- 
ent among the four groups (Table 1), and no patient had an 
anterior myocardial infarction. Under these conditions, left 
ventricular oxygen demand would be expected to be similar in 
each patient group, because the principal determinants of
myocardial oxygen demand are thought o be afterload, con- 
tractility and heart rate (15,16). Coronary driving pressure and 
impedance have been proposed as physiologic factors govern- 
ing coronary flow (17). Although inertia, capacitance and 
resistance are thought o be included in the impedance com- 
ponent controlling coronary flow, resistance may be the most 
important of these factors. Patients with arterial and vein grafts 
might be expected to have similar levels of coronary capaci- 
tance and resistance if the geometry of the left anterior 
descending artery is similar in both groups. In our four patient 
groups, the degree of stenosis in the proximal eft anterior 
descending coronary artery lesion was similar (99% or 100%), 
JACC Vol. 25, No. 3 AKASAKA ET AL. 645  
March 1, 1995:640-7 FLOW CAPACITY OF CORONARY BYPASS GRAFTS 
Control Dipyridamole 
cm/s 
-120 
60 
Control Dipyridamole 
m/s  
80 
40 
New IMAG 
Old IMAG 
cm/s 
-80 
40 
New SVG 
Old SVG 
cm/s 
-120 
60 
as were the average size and length of the native left anterior 
descending artery; therefore, one might expect geometry of the 
left anterior descending coronary artery to be generally similar 
for the four groups despite some differences in arterial geom- 
etry among individual patients. Under conditions of similar 
oxygen demand and supply, the flow volume at the same 
sampling position in the left anterior descending artery should 
be similar among patient groups and flow velocity characteris- 
tics should also be similar if there are no significant differences 
in the size of the left anterior descending coronary artery 
(which functions as a conduit), heart rate or indexes of left 
ventricular preload (13). 
Baseline flow volumes of the bypass graft were not signifi- 
cantly different in our four patient groups. Average graft flow 
was 62 + 17 ml/min for the patients with a new arterial graft 
and 58 + 15, and 61 _+ 18 and 58 _+ 19 ml/min, respectively, for 
patients with an old arterial graft or a new or an old vein graft. 
Flow volumes should be similar if there are no significant 
differences in the oxygen demand and supply among groups, as 
should have been the case in our study, in which blood supply 
to the left anterior descending artery territory was thought o 
be delivered mainly through the bypass graft. Bypass graft flow 
rates in our patients were similar to previously reported (18) 
saphenous vein graft flow rates averaging 40 to 80 ml/min. 
Flow volume in our study was calculated from the time average 
of the instantaneous spectral peak velocity and the diameter of 
the vessel at the point where flow was measured, as previously 
suggested by Doucette t al. (12). Although Flemma et al. (19) 
reported that the level of blood flow at rest in internal 
mammary artery grafts is lower than that of saphenous vein 
graft flow immediately postoperatively, Barrier (20) reported a
Figure 2. Examples of the baseline and maximal hyperemic flow 
velocity recordings of the bypass graft in four patients: one with a new 
and one with an old internal mammary artery graft (IMAG, upper and 
lower left) and one with a new and one with an old saphenous vein 
graft (SVG, upper and lower ight). At baseline, the peak flow velocity 
in the new internal mammary artery graft was greater than that in the 
old arterial graft or either vein graft. During hyperemia, the maximal 
peak velocity in the new arterial graft was less different from that in the 
other three grafts. Therefore, calculated flow reserve (the maximal/rest 
time-averaged peak velocity ratio) was smaller in the new internal 
mammary artery graft than in the other in three grafts. 
40% increase in flow at 6 to 8 h. Because we measured 
coronary flow 1 month and 1 year after bypass urgery in both 
the arterial and the vein graft groups in our study, similar levels 
of flow at rest could be expected in both groups. 
Because the flow volume at rest was not different between 
the arterial and vein graft groups, and the arterial grafts were 
significantly smaller than the vein grafts, the flow velocity 
should have been greater in the arterial grafts if there were no 
other differences in variables affecting flow velocity. In this 
study, there were no significant differences in heart rate and 
the left ventricular preload indexes, which have been reported 
to affect flow velocity measurements (13). Therefore, it is not 
surprising that the systolic and diastolic peak velocities and 
time-averaged peak velocity of internal mammary artery grafts 
were significantly greater than those of saphenous vein grafts. 
Furthermore, among patients with an internal mammary artery 
graft, a similar explanation should be applicable; the systolic 
and diastolic peak velocities and time-averaged peak velocity 
of the new arterial grafts were significantly greater than those 
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of the old grafts because the flow volume at rest was not 
different between ew and old arterial grafts and the new grafts 
were significantly smaller than the old grafts. The flow veloc- 
ities of both the arterial and the vein grafts in our study were 
thought o be slightly smaller than those previously reported 
(21); however, this difference might be related to differences in
patient selection, and velocities within an individual patient 
population would be expected to be similar. 
Maximal peak velocity and flow reserve (Table 2). The 
maximal flow velocity and flow reserve were measured at the 
midportion of the bypass graft after a 0.56 mg/kg dipyridamole 
intravenous infusion. Although the new internal mammary 
artery grafts had a significantly greater maximal peak velocity 
than that of the other three groups, their calculated flow 
reserve was significantly less than that of the other three 
groups because their time-averaged peak velocity at baseline 
was far greater than that of the other three groups. Further- 
more, the maximal time-averaged peak velocity and flow 
reserve of the old internal mammary artery grafts did not differ 
significantly from those of the new and the old saphenous vein 
grafts. Although Wilson and White (22) found coronary flow 
reserve to be normal in saphenous vein grafts, there have been 
no reports regarding flow reserve in internal mammary artery 
grafts. In our study, mean coronary flow reserve in the 
saphenous vein grafts was 2.9 +_ 0.7 (2.8 +_ 0.5 in the new and 
3.0 _+ 0.6 in the old vein grafts), slightly lower than the value 
reported by Wilson and White (22). However, those investiga- 
tors used papaverine for their hyperemic agent, whereas Ross 
et al. (23) reported that flow reserve measured with papaverine 
is slightly greater than that measured with adenosine or 
dipyridamole and obtained a flow reserve of 3.1 _+ 1.2 by 
infusion of 0.56 mg/kg of dipyridamole over 4 rain in angio- 
graphically normal subjects. The reported flow reserve for 
saphenous vein grafts is comparable with that in those normal 
subjects. In our study, the flow reserve of internal mammary 
artery grafts 1 month after bypass urgery was significantly 
lower than that for saphenous vein grafts. This observation isin 
keeping with radionuclide angiographic data suggesting that 
postoperative flow capacity in internal mammary artery grafts 
is restricted (5). However, in our study, the flow reserve of 
internal mammary artery grafts 1 year postoperatively did not 
differ significantly from that of saphenous vein grafts. This 
finding suggests hat the restricted flow capacity 1month after 
bypass urgery might improve by 1 year postoperatively. Sim- 
ilar results would be expected with the use of other hyperemic 
agents even if the actual value of flow reserve might differ. 
The major differences among our study patients were the 
type of graft (vein or arterial) and the time of evaluation after 
bypass urgery (1 month or 1 year postoperatively). Saphenous 
vein grafts were anastomosed to the ascending aorta and were 
larger; internal mammary artery grafts branched from the left 
subclavian artery and were smaller. New internal mammary 
artery grafts were significantly smaller than older arterial grafts 
and than new or old vein grafts. Because internal mammary 
artery grafts have been reported to have growth potential (14), 
the size of the new arterial grafts in this study might be 
expected to be similar to that of the older grafts if the patients 
with new arterial grafts had been studied 1 year postopera- 
tively. Lower baseline flow velocities and increased flow re- 
serve might be observed in the patients with new internal 
mammary artery grafts if the new arterial grafts grew larger 
over time and if the size of the bypass graft is the main 
determinant of the difference in flow characteristics be- 
tween saphenous vein and internal mammary artery grafts. 
Serial follow-up study of patients would help to answer this 
question. 
Study limitations. Our study has several limitations. First, 
blood supply to the distal left anterior descending coronary 
artery was thought to be mainly from the bypass graft in this 
study; in fact, in more than half of the patients in each group, 
the proximal left anterior descending artery was occluded 
(nine patients with a new and seven with an old arterial graft, 
seven with a new and nine with an old vein graft), and in all 
other patients the stenosis was ->93%. Although there may 
have been some contribution to flow in the distal left anterior 
descending artery by way of the proximal vessel through the 
stenosis, it is unlikely to have greatly affected flow in the distal 
artery. Second, flow volume for the left anterior descending 
artery and bypass grafts was calculated by using the average 
peak velocity of the phasic flow velocity recording and the 
vessel cross-sectional rea at the point where the flow velocity 
was recorded, as proposed previously by Doucette t al. (12). 
As noted earlier, bypass graft flow rates in the present study 
were similar to those previously reported (18). Although it is 
not certain that the same formula would apply in vessels of 
different size because the flow profile in internal mammary 
artery grafts might differ from that in saphenous vein grafts (4), 
flow reserve calculated as a ratio of maximal to baseline flow 
would not be affected. Third, flow reserve was estimated inthe 
midportion of the bypass graft during dipyridamole infusion. It 
would be better to confirm these data in the distal eft anterior 
descending coronary artery. We measured maximal distal left 
anterior descending artery flow soon after estimating maximal 
flow velocity in the bypass graft in some patients (six patients 
with a new and five with an old arterial graft, six with a new and 
four with an old vein graft), and similar values for flow reserve 
were obtained. This result would be expected if the bypass 
graft to the left anterior descending artery functioned only as 
a conduit. 
Conclusions. Under baseline conditions, flow volume 
through internal mammary artery grafts is similar to that 
through saphenous vein grafts. At baseline rest, especially early 
after operation, internal mammary artery graft flow is charac- 
terized by higher peak velocities in systole and diastole than 
those of saphenous vein graft flow. During hyperemia, the 
early postoperative flow capacity of the internal mammary 
artery graft is significantly ess than that of the saphenous vein 
graft; this restricted flow capacity improves late postoperatively 
because of an increase in graft diameter and a decrease in the 
baseline level of flow velocity. 
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